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^ ' Abstract 

g , Mixed-valence perovskite manganites (Rei-^A^jMnOs where Re=rare earth, 

"j^ ' A=alkahne earth) provide a unique opportunity to study the relationships 
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I ' between the structure and the magnetotransport properties due to an inter- 

^ I play among charge carriers, magnetic coupling, orbital ordering and structural 

I— 1 1 distortion. This makes these compounds very exciting from both the basic 

I research and from the technological view point. As the technology pursued 
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\0 ' with these materials requires film growth, extensive studies have been made on 

I materials synthesis, structural and physical characterization and device fab- 

I rication. In this article, the results of the different experimental techniques 

^ I and the effects of the deposition procedure of the manganite thin films are 

^ ^ I first reviewed. Second, the relation between the structural and the physical 

■ 

Q I properties mentioned, and the influence of strains discussed. Finally, possible 
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applications of manganite thin films for spin electronics are presented. 
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I. INTRODUCTION 



The last decade has seen the emergence of epitaxial metal-oxide films as one of the most 
attractive subjects for the condensed matter community. The emergence of such interest 
was primarily stimulated by the discovery of high temperature superconductors (HTSC) and 
more recently by the discovery of the colossal magnetoresistance (CMR) effect in thin films 
of manganese oxides Rei_a;Aa;Mn03 (where Re is a rare earth and A is an alkaline ear 
CMR materials exhibit large changes in electrical resistance when an external magnetic field 
is appliedi0. 

The doped manganites are mixed- valence with Mn^+ (3(i*^) and Mn^+ {3d^). For the 
octahedral site symmetry of MnOe the configurations become ^ig^g Mn^^ and for 
Mn^"*". In the double-exchange mechanism, the Cg electrons are considered as mobile charge 
carriers interactions with localized Mn^~^ (S=3/2) spins. The carriers hoping avoids the 
strong on-site Hund rule exchange energy J^^ when the spins are aligned ferromagnetically. 
(Note that if the Mn spins are not parallel or if the Mn-O-Mn bond is bent, the electron 
transfer becomes more difficult and mobility decreases). Jex is much larger that the eg band- 
width and thus, the conduction electrons are highly spin-polarized in the ground state. With 
this idea, correlations of the half ferromagnetic character of the CMR materials were foundi. 
Theoretical and experimental studies indicate that the small polaron effects including Jahn- 
Teller distorsion also play important roles for the transition and transport measurements as 
welli. 

These oxide materials are important from a fundamental point of view since they of- 
fer a chemical flexibility that enables new structures and new properties to be generated 
and, consequently, the relations between the structure, electronic, magnetic and transport 
properties to be studied. 

Since most technological applications require thin films on substrates, the ability to pre- 
pare such films and understand their properties is of a prime importance. The synthesis of 
the first high temperature superconducting oxide thin films almost 15 years ago generated 
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great interest in the thin films community. This resulted in the development of various 
techniques, guided by the importance of preparing high quality thin films of superconduc- 
tor compounds, including sputtering. Molecular Beam Epitaxy (MBE) and Metal Organic 
Chemical Vapor Deposition (MOCVD), but the most popular technique is probably the 



cuprates and HTSCs, which are now routinely made in laboratories, and it has been easily 
and rapidly adapted for manganites. Another reason for this quick-transfer technology is 
that these oxide materials crystallize in a perovskite structure as the HTSCs and in some 
sense, they are quite similarSS. Moreover, the manganite oxides are highly sensitive to the 
strain-effect, and this offers the possibility of studying its influence upon various properties 
such as insulator-to- metal transition temperature (Tjm), Curie temperature (Tc), structure, 
microstructure/morphology, etc... The renewed interest in the manganite materials has re- 
sulted in a large volume of published research in this field. 

In the present paper, we present a brief review of the experimental work done in the past 
7 years. The deposition procedure and its influence (through deposition temperature, oxygen 
pressure, post-annealing, substrate type...) upon the magneto-transport properties will be 
discussed. In the particular case of thin films, work was mainly devoted to substrate-induced 
strain and thickness dependence, and we will describe the experimental situation. Finally, 
since much interest in the community of the CMR thin films lies in their use in devices, some 
applications of these material will also be presented. Due to an extremely large amount of 
research data published in this field, there are unfortunately some missing citations, and we 
apologize the authors in advance. 

II. DEPOSITION PROCEDURES, STRUCTURE AND PROPERTIES 

CMR manganite materials are compounds crystallizing in a perovskite-like structure, 
which apart from manganese and oxygen, contain rare earths and/or lanthanide cations. 
The prototype compound is Lai_a;Ca2:Mn03, but there are many other related structures. 



Pulsed Laser 




This latter method is used extensively to synthesize 



3 



Numerous studies were performed on the hole doped Lao.rAo.sMnOs manganites (where 
A=Sr or Ca) since these CMR materials exhibit so far the highest Curie temperatures (often 
associated with an insulator-to- metal temperature transition). Such high transition, close 
to room temperature, make them suitable for applications^. As previously said, there are 
many different compounds due to the fact that the A-site cation can be a lanthanide or a rare 
earth. Thus, a number systems have been studied in the form of thin films including: La-Ca- 
Mn-oHiiM, La-Sr-Mn-Oim, La-Ba-MnOiHi, La-Pb-Mn-Oil^, La-Mn-oM, Nd- 
Sr-Mn-O&i, Sm-Sr-Mn-Offl, Pr-Ca-Mn-OiHil, Fr-Sr-Mn-O&l^, La-Sn-Mn-Oi, La-K- 
Mn-Oii, La-Ce-Mn-00 and Bi-Sr-Mn-Oil. To detail the situation in terms of synthesis, 
this section is divided into three parts. First, in part A, we will review the parameters that 
govern the growth of these oxides (temperature, oxygen pressure etc.), and we will consider 
the progress made in the synthesis of these materials. We will also focus on the different 
techniques that were are for the growth of thin films. Then in part B, we will discuss the 
different studies that were carried out to understand the structure and the microstructure of 
the thin films for the simple perovskite oxides and also for the results of the double ordered 
perovskites. Finally, some physical measurements will be presented (part C). 

A. Synthesis of manganite films 

1. Simple perovskite AMnO^ 

The manganite thin films have been mainly prepared using the Fulsed Laser Deposition 
techniquJffliUlll. The principle of this technique is relatively simple. A pulsed laser beam 
ablates a dense ceramic target of the desired material. In the presence of a background gas 
(usually oxygen), a plasma is produced and condenses on the heated substrate. Typical lasers 
used for manganite are excimer UV with KrF at A = 248nm , XeCl at A = 308nm 
or ArF at A = 193nrrM. A frequency tripled Nd-YAG at A = 355nmt3'Eil or quadrupled 
Nd-YAG at A = 266nTrM may also be used. A cross-beam deposition scheme utilizing two 
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Nd-YAG lasers was also used to grow Pro.esCao.ssMnOs thin films on LaAlOaS. However, the 
utilization of high oxygen pressure during the PLD growth prevents the use of Reflection High 
Energy Electron Diffraction (RHEED) system in order to control in-situ the different stages 
of the growth. By a more oxidizing gas (atomic oxygen, ozone..) and a differential pumping 
system, the electron-path in the high pressure oxygen atmosphere can be reduced, and thus 
the specular beam of the RHEED can be monitored in order to observe the oscillations (see 
Fig. 1 for a typical experimental setup). High quality manganite thin films were fabricated 
in this wayil'Blzi. A persistent intensity of the RHEED is observed and the roughness of 
the films is low, around one unit cellil. 

A second popular deposition technique is magnetron sputtering, which can be 
or Z)cii00@Jzl. Reactive sputtering is particularly useful for large-area 
films, but the deposition of complex oxides, comprising several cations, is difficult because 
of a possible change in the material composition between the target and the film. Regard- 
less, in these two techniques (PLD and sputtering) utilize highly-dense ceramic targets, and 
the configuration is usually "on-axis". This means that the plane of the substrate is perpen- 
dicular to the particles fiux. Samples can also be produced by sputteringii0@ and PLDilll 
in the "off-axis" configuration . In the case of PLD, this decreases the surface roughness and 
avoids the formation of droplets associated with laser deposition. Ion beam sputteringS, 
electron beam/thermal coevaporation0 and molecular beam epitaxy&il have also been uti- 
lized to make manganite thin films. MOCVD was used to prepare high quality thin films of 
various compositions^iH^. Briefiy, metal-organic precursors are dissolved in an ether and 
injected into the low pressure apparatus. In contrast to the methods previously described, 
this one does not require a high vacuum but allows deposition at higher oxygen pressure. 
Others methods used for making manganite thin films are nebulized spray pyrolysis^'S and 
sol-gelii. 

Various gases, such as ©2!^^, N20@'@, ozone@ or a mixture of argon-oxygen 
atmosphere@Eiill, result in oxygen-stoichiometric films. The background gas pressure is 
important for the oxidation process. Thus, the emission of the gas-phase oxidation of Mn 



during pulsed laser deposition of manganites in O2 and N2O atmospheres was studied. They 
shown that both oxidation in the gas phase and at the surface are required in order to obtain 
the optimized properties. It was found that N2O increases the oxidation of Mn in the plasma 
plume, leading to an improvement of the magnetic properties of Lao.erSro.ssMnOsS. 

The deposition conditions (oxygen pressure P02, deposition temperature Ts, laser fiu- 
ence...) can drastically influence the propertieJiliiiliiS. For Ndo.rSro.sMnOs grown on 
(100)-LaAlO3§, the maximum resistivity peak shifts to lower temperatures as the deposi- 
tion temperature decreases (the optimum Tc of 175K is obtained for Ts = 615°C). Yamada 
et a/.ii have shown that the Tim decreases with either Ts or P02 in Lai-^^PbajMnOs. The 
deposition temperature also strongly influences the microstructure of Pro.ySro.sMnOs, since 
films grown at low temperature exhibit a columnar growth with well-connected grains while 
those deposited at higher temperature are poorly connected with platelet-like crystals!^. 

In addition, it has also been shown that in- situElii or ex-situEil oxygen anneal- 

ings is necessary to obtain the optimized properties. In particular, the postannealing of the 
films can lead to significant modification of the oxygen content and optimizes the physical 
propertiesiiSS such as T/a,/@, Tq and the CMR effectB'iil. This annealing effect is neces- 
sary to achieve the optimum oxygen concentration of the films. Depending on the nature 
of the film and on the growth conditions, annealing is used either to fully oxidize the film 
(oxidative annealing) or to remove extra oxygen (reductive annealing). The effect of anneal- 
ing was also observed in films annealed in N2 atmosphere (see Fig. 2 for Lai_a,Sra,Mn03)S. 
The TjM transition shifts after the annealing to higher temperature and the MR ratio in- 
creases slightly. The magnetic transition also occurs at higher temperature after annealing. 
For example, the Curie temperature, Tc, is found to increase from 200K for as-deposited 
Lao.gMnOa film to 320K after the fourth thermal treatment (See Fig. 3)^. In fact, the 
changes under annealing can also be seen on the position of the diffraction peak@S the out- 
of-plane parameter decreases, which relates to an increase of the Mn^+/Mn^+ ratio^ini. This 
annealing effect can lead to an improvement in physical properties (like in Lao.8Cao,2Mn03 
where Tjm value is higher than that of the bulkEs^) but sometimes the resistivity peak is 



lower by more than 100K1121I. In fact, Prellier et al. have shown that the entire phase diagram 
is different in the ferromagnetic region of Lai_^.Ca^.Mn03 (0 < a; < 0.5)§ as compared to 
the bulk (in terms of transport and magnetic transitions). 

Doping is another method used to improve the magnetic properties. For example, 
enhancement of the properties {Tjm and Tq) is observed with silver addition to the 
Lao.rCao.sMnOs target (5%wi(:.)E2i or with La2/3Sri/3Mn03 films doped with Ag and grown 
by dual-beam PLollSi. 

2. Double and triple perovskites: A^Mn20j and Ai^Mn^^OiQ 

Although the majority of studies have been done on simple perovskites AMn03, colossal 
magnetoresistance also occurs in (La,A)3Mn207 (A=Ca,Sr). These compounds belong to 
the Ruddlesden-Popper phases whose general formula is A„_|_iB„03„+i. Two parents of this 
family were synthesized in thin film form with n = 2 and n = 3. 

Films of La2_2xCai+2xMn207 {x = 0.3) were deposited on (OOl)-MgO by single-target 



magnetron sputtering) ^ 1 ^ . c-axis oriented films of La2_2a;Sri+2a:Mn207 {x = 0.4) can be 



grown on (001)-SrTiO3 under limited conditions (above 900°C for the deposition temper- 
ature and below lOOmTorr for the oxygen partial pressure. Fig. 4)^2^ which are different 
from the typical conditions used for (La,Sr)Mn03 films. On SrTi03 substrates, the resis- 
tivity curves shows a transition at lOOi^ which coincides with a magnetic transition for 
La2-2xSri+2a;Mn207 films on SrTi03E2i. Films on MgO are a-axis oriented, which means 
that the long parameter is in the plane of the substrate, these films evidence two types 
of ferromagnetic ordering that possibly result from anisotropic exchange interactions for 



0.22 < X < O.55t£0. Magnetoresistance is observed in a wide temperature range below 



the ferromagnetic transitions on MgO and is accompanied by an hysteresis on SrTi03E^ . 
Epitaxial films of (La,Sr)3Mn207 can also be grown artificially by atomic-layer stacking of 
SrO and (La,Sr)Mn03ll°i. 

Contrary to the previous one, the La3_33:Cai+33;Mn309 (x = 0.3) compound can be 
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stabilized, but only in the form of thin films and not in the form of bulkll2j. Features similar to 
those reported for the double perovskite [n = 2) were also observed for the n = 3 compound 
indicating a correlation between the dimensionality (or the c-axis bond configuration) and 
the magneto-transport propertieJi^i. 

Thus, it appears that the increasing of the c-axis reduces the magnitude of the of the 
CMR at low temperature and this may be attributed to the increase magnitude of the 
double-exchange tranfer matric and a better ferromagnetic spin alignement. 

3. The particular case of the ordered double perovskite Sr2FeMoOQ 

This review focuses on manganite thin films, but it is also interesting to present the results 
on the ordered double perovskite Sr2FeMo06 , even though it does not contain Mn, since it 



exhibits magnetoresistancetLiil with a Curie temperature above 3707^. Films of Sr2FeMo06- 



were grown, using pulsed laser deposition on (001)-SrTiO3liijiH3. They are grown on both 



(001) and (lll)-SrTi03 but in a narrow window near 900°C and 10~^Torrtl3. Asano et 
a/.0 have shown that by altering the growth conditions they are able to induce either 
positive (35% ) or negative (—3%) magnetoresistance at 5K under a magnetic field of 8T. 
The films show metallic conductivity with a ferromagnetic transition above 400-K^ii. The 



experimental magnetic moment is calculated to be Afis per formula unitEiHI in agreement 



with the theoretical onelli3. Sr2FeMo06 films also exhibit both an electron-like ordinary 



Hall effect and a hole-like anomalous Hall contributiontlil. More importantly, an intergrain 



tunneling type low field magnetoresistanceHiJ, even at room temperaturdiijlHj, has been 
reported. 

B. Structure and microstructure 

It is of prime importance to carry out structural characterization of the films, since it has 
been shown that in the bulk material, a slight variation of the Mn-0 bond length or bond 
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angle drastically modifies the physical properties. Consequently, careful characterization of 
AMnOs films is paramount especially from the crystal structure point of vie 

One of the best techniques to study the local structure of thin films, as for bulk, is 
most probably the high resolution transmission electron microscopy (HREM). Van Tendeloo 
et al^^ have studied the evolution of the microstructure as function of the thickness in 
Lao.ySro.aMnOs films on LaAlOs. Close to the interface, both the film and the substrate 
are elastically strained in opposite directions in such a way that the interface is perfectly 
coherent. In the thicker films, the stress is partly relieved after annealing by the formation 
of misfit dislocations. Similar results were found for Lai_2;Caa;MnO30, where the bottom 
part of the film, close to the substrate, is perfectly coherent with the substrate, suggesting 
an important strain, while the upper part shows a domain structure. The perfect epitaxy 
between the film and the substrate can also be viewed on the cross-section of Pro.sCao.sMnOa 
deposited on SrTiOa (Fig. 5). This film is grown in the [010]-direction, i.e. 2ap, perpendicular 
to the substrate plane. The cross section along the [110]-direction of the substrate clearly 
shows the perfect coherence of the interface since the [100] or [001]-directions of the film 
match the [110]-direction of the substrate. The lattice parameter length in this direction is 
ap\/2. 

In general, a strain is observed due to the epitaxial growth in very thin films i.e. lattice 
parameters adopt those of the cubic lattice (see an example of a compressive strain on 
SrTiOsEliS). In ultrathin films (60A) of Lao.73Cao.27Mn03 on SrTiOs, the crystal structure 



imposed by the substrate is different than the bulkllHy and leads to disorder effectalHiJ or 
the formation of different phases such as (Lao.7Sro.3)3Mn207 in Lao.7Sro.3Mn03 filmsEi. 
Microstructural studies also reveal a slight distortion of the Lai_^Caa;Mn03 film, possibly 
leading to a breakdown of the symmetry from orthorhombic to monoclinic (due to the 
presence of spots in the electron pattern that are not allowed in the Pnma space group)0: 
this suggests that the structural situation might be different in thin film and in bulk material. 
In contrast, Teodorescu et al. show that the structure and the stoichiometry of the bulk 
target are perfectly reproduced in Lao.6oYo.o7Cao.33Mn03_5 thin filmsli^. 



A comparative study between La2/3Bai/3Mn03 (LBMO) and La2/3Sri/3Mn03 (LSMO) 
grown on SrTiOs shows that thick LBMO presents a perfect epitaxy and grows coherently 
strained throughout the film thickness, whereas the LSMO films are composed of two layers 
separated by an intrinsic interface region containing a high density of defectsE^i. Sometimes, 
secondary phases are observed^. In Pro.7Sro.3MnO30, the deposition temperature influences 
the microstructure and is thus, directly connected to the Tc, which is depressed maybe due 
to the role of the grain boundaries. 

Returning to the structural characterization of CMR thin films, there are roughly three 
tendencies that emerge from these studies. The first is that the manganite films are much 
more sensitive to substrate-induced stress than the analogous cuprate superconductors. The 
second deals with the presence of two regimes of strain relaxation: one highly strained regime 
located close to substrate and another above which is more relaxed. It is not clear exactly 
where the interface is located or even if it exists in every film. The last interesting point that 
has been shown by several groups is the difference of crystal symmetry (lattice parameters, 
space group..) between the thin film and the corresponding bulk material. 



C. Physical measurements 

The standard characterization of CMR thin films consists of resistance measurements 
versus temperature in zero field and under an applied magnetic field, by using the four probe 
technique and also in magnetization measurements. Results pertaining to strain effects will 
be discussed in the next section. 



1. Surface measurements 



Several groups focussed their studies on the surfacep2§nl^. Extensive thin film surface 
studies were performed using two complementary techniques: Atomic Force Microscopy 
(AFM) and Magnetic Force Microscopy (MFM)lliKi^ . Work was mostly on Lai^^Sr^MnOs 
since this material exhibits the highest Curie temperature. It was also found that the 
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properties of the surface are different from those of the bulk in both the electronic and 



the composition point of viewE£3. For example, the surface termination and the Ca sur- 
face concentration depend on the overall Ca concentration in Lai-^^CaxMnOs filmsE^ (the 
La/Ca ratio differs between the surface and in the film). The surface of Lao.sCao.sMnOa 



and Lao.eeCao.ssMnOs show a highly ordered grain pattern induced by strainglH^, and the 
Lao.esSro.ssMnOs surface exhibits a surface phase transition at 240K (to be compared to 
370K for the bulk)ll 
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2. Transport across a grain boundary (GB) 

Grain boundaries (GB) strongly affect the properties of CMR materials. Low field mag- 
netoresistance (LFMR) has been reported and attributed to the spin-dependent scattering 
of polarized electrons at the Researchers tried to enhance this property by artificially 

creating an interface between two elements. We will describe here only the intrinsic effect 
across natural GB (in polycrystalline thin films) and across artificial GB (in films deposited 
on bicrystal substrates). The precise influence of the substrate will be discussed in a sepa- 
rated part. Note that another method has been utilized to create artificial GB by scratching 
the LaAlOa substrate before the deposition of the LCMO filmlli. The MR is subsequent in 
a field of 2kOe and varies with the field orientation with respect to the GB. 

The simplest way of creating a natural GB is to grow the film on polycrystalline 



substratedl^. Most of this work was done by on La-Ca-Mn-0 (LCMO) and 

La-Sr-Mn-0 (LSMO) films. The p — T curve of such films depends on the grain size, as 
shown on Fig. 6: resistivity in zero field decreases when the grain size increases, but the 



peak temperature of approximately 2?>QK is almost independent of the grain sizetfj. Gu et al. 



show that the Low Field Magnetoresistance at low temperature has a dramatic dependence 



on the nature of the in-plane GBli23. The reduction of zero-field low-temperature resistivity 
is might be explained by the spin-polarized tunneling accross half-metallic grains. Another 
possibility to obtain polycrystalline samples is to decrease the deposition temperature. The 
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resulting GB results from a lower crystalline quality of the filnc 

Bicrystal substrates having a single GB have also been used to study the transport across 
a GB. LCMO and LSMO thin films were deposited on bicrystalline SrTiOs substrates having 



a specific misorientation anglet23't2a. To measure the properties of the GB only, the film was 
patterned into a Wheatstone bridge. The GB resistance and its magnetic field dependance 
is strongly dependent on the misorientation angleliii (See Fig. 7). The MR increases with 
an increase of the misorientation angle of the bicrystaJiii. The change of resistance is 3% 
under 2mT magnetic field at 300K for Lao.rSro.aMnOs. At 77K, a large bridge resistance 
(27%) is observed during magnetic field sweeps between ±200mT over a temperature range 
down to 77K. Steenbeck et al. utilized Lao.8Sro.2Mn03 films grown on SrTiOa bicrystals 



with a misorientation angle of 36.8°ll^ or 24°lli3. They found that the GB magnetoresistance 
occurs at low temperature, separated from the intrinsic MR near Tq, and that the sign of 



the MR at the GB depends on the domain structure and HlH3. Moreover, current-voltage 



measurements show that the field dependence might not be related to tunneling 
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3. Irradiation effects 



Irradiation, varying the ions dose^'li^, was used to look at the effect of columnar defects 
upon the thin films' propertiesc 
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On irradiated Lao.ySro.sMnOs samples, the MFM shows 
the existence of magnetic domains in different magnetization directions, suggesting that the 

The 
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defects can be considered as pinning centers for the magnetic domain wallsli23 
effect of irradiation (with 90 Mev^^O) by was studied Lao.75Cao.25Mn03. At a low dose of 
10^^ ions /cm?, the irradiation induces an increase of both the Curie temperature and of the 



resistive temperature transition T/a/, whereas for high doses a decrease is observedclS due 
to enhancement of pinning for the magnetic domains walls. The film becomes insulating 
and does not show any resistivity peak when the dose is higher than 10^^ ions/cm^ (see 



Fig.8)lifa. Irradiation with 250MeV Ag^''+ induces phase transformation in Lao.TCao.sMnOa 



thin filmst^j indicating that the nature of the ions plays also a role. 
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^. Phase separation 

Phase separation was suspected in Lao.4Bao.iCao.5Mn03 filmdlil and confirmed by the 
noise probe methodS in La2/3Cai/3Mn03 films; in this work the authors attribute the origin 
of the random telegraph noise to a dynamic mixed-phase percolative process, where man- 
ganese clusters switched back and forth between two phases that differ in their conductivity 
and magnetization. This spatial inhomogeneity in doped manganite thin films was also 
investigated in Lai_a;Ca2;Mn03Eli using Scanning Tunneling Microscopy. The phase sepa- 
ration is observed below the Curie temperature where different structures of metallic and 
more insulating areas coexist and are field dependent. This suggests that the insulator to 
metal transition at Tc should be viewed as a percolation of metallic ferromagnetic domains. 



5. Other experiments 

Magneto-optical measurements reveal the onset of the ferromagnetic transition via the 
coercive field increase and the Kerr rotationEll. Using this technique, the spontaneous 
formation of twins in La2/3Cai/3Mn03 films below 105K was also observedli^. 



III. EFFECTS OF STRAINS 

The CMR manganites are sensitive to all types of perturbations. In particular, it has been 
shown in bulk that the internal (through the average size of the A-site cation) or external 
pressure (via hydrostatic pressure) can strongly infiuence the magnetotransport properties. 
Since the beginning of the rediscovery of the CMR effect in Mn-based compounds, many 
studies have been focussed on the strains in thin films. This is due to the fact that Mn eg 
electrons, which determine most of the physical properties, are coupled to the lattice degrees 
of freedom through the Jahn- Teller trivalent manganese. Thus, strains affect the properties 
of the manganite thin films, and, in consequence, one needs to correctly understand the 
effects in order to obtain the desired properties. The following section will discuss the two 
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types of strains: in-the-plane (i.e. substrate-induced strains, part A) and out-of-plane strain 
(i.e. thickness dependence, part B). 



A. Substrate-induced strains 

The first important parameter for successful thin film growth is undoubtedly the sub- 
strate. For CMR materials, the same substrates as used for the HTSC compounds 
were utilized. The most commonly used substrates to grow manganite perovskites are 
MgO (cubic, a = 4.205A), SrTiOg (STO, cubic, a = 3.905A), LaAlOg (LAO, pseudocu- 
bic, a = 3.788A), NdGaOg (NGO, orthorhombic with a = 5.426A, b = 5.502A and 
c = 7.706A) and Si (cubic, a = 5.43A). Many authors have investigated the strain- 
effects of the substrate by growing various films on different substrates!^ 'l^^l^. They have 



experimentallyiHilEihEl or theoreticallyL£j studied the effect of strains on the magne- 



toresistive properties of Lao.rSro.sMnOa and Lag.rCao.aMnOs or on the surface flatnessE^il for 
many substrates. The physical properties of these materials depend on the overlap between 
the manganese d orbitals and oxygen p orbitals, which are closely related to the Mn-O-Mn 
bond angle and the Mn-0 distance. As the unit cell of the thin film is modified with re- 
spect to the bulk material, the Mn-0 distances and Mn-O-Mn angles are altered, inducing 
variations in the electronic properties. We will review the main characteristics, such as the 
structure and the physical properties, which are affected by the substrate-induces strains. 

1. Modification of the structure and the micro structure 

The influence of the substrate upon the microstructure/structure, the lattice parameters, 
the texturation and also the orientation of the film is discussed in this section 



Using Magnetic Force Microscopy, Kwon et alf^ showed on Lao.rSro.sMnOs a "feather- 
like" pattern, indicating an in-plane magnetization on (100)-SrTiO3, while on (100)-LaAlO3, 
a "maze-like" pattern corresponding to a perpendicular magnetization anisotropy is seen. 
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This kind of study was confirmed and extended recently by Desfeux et al. on otlier 



substrateai£^ 



The influence of the substrate can principally be deduced from the lattice parameters 
of the film and the effect of strain on lattice parameters has been studied by many groups. 
These measurements lead to different spin-structures. This is evident in Lai_2;Sra;Mn03 for 
which the spin-orbital phase diagram was obtained in the plane of strain-field (c/a ratio) 
vs. doping X using the density-functional electronic-calculationll^. The phase diagram 
of Lao.erSro.saMnOs was also plotted for different substratesli^. A strong dependence of 
anisotropy and Curie temperature on lattice strain is observed. The effect of uniaxial strain 



was studied theoretically by Ahn et alx^. Uniaxial strain produces changes in the magnetic 
ground state, leading to dramatic changes in the band structure and optical spectrum. 
Both in-plane and out-of-plane lattice parameters are often modified by stain effects 
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when various substrates are usedt£iHi3i]£3£3. This is evidenced in Fig. 9 for 300 A thin films 



of Pro.ySro.gMnOs (PSMO) grown on LaAlOg, SrTiOs and NdGaOsi. The 002 peaks of the 
PSMO/LAO and PSMO/STO films are at 46.2°and 47.8°, corresponding to an out-of-plane 
parameter of 3.93 and 3.81 A, respectively (the diffraction peak of the PSMO film on NGO 
is almost invisble from the substrate peak due to the small mismatch). These values have 
to be compared to the lattice parameter close to 3.87A found in the bulk PSMO. They 
indicate that the films are under tensile stress on STO (decreasing in the growth direction 
and expanding in the plane) and under compressive stress on LAO (decreasing in the plane 
and expanding in the out-of-plane direction) due to the lattice mismatch between the film 
and the substrate at room temperature (Fig. 10). The strain effects on the out-of-plane 



lattice parameter of Lao.yCao.sMnOs (LCMO), are enhanced with annealingll^: the lattice 
expansion is 2-3 times larger in LCMO/STO than in LCMO/NGO. The stress also influences 
the bond lengths and bond angles. Miniotas et al. have evaluated the Mn-0 and Mn-Mn 
distances in Lai-^Ca^MnOs films grown by MBE. The Mn-0 bond length was found to 
be fixed at 1.975A, independent of the substrate types while the Mn-Mn distance (and 
subsequently the Mn-O-Mn bond angle) was calculated to be 3.93A for STO and 3.84A for 
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LA0E§. 

Lattice mismatch (i.e. the difference of parameters between the film and the substrate) 
influences not only the parameters of the film but also the texturation (or epitaxy), i.e. 
the in-plane alignments. Usually, changes in the in-plane orientation is observed only 
when the mismatch is small (e.g. LCMO on LAoli^ and is not realized on YSzli^ or 
on MgOi). Textured La2/3Sri/3Mn03 films were obtained on Si when buffer layersESS are 



used. Lao.rCao.sMnOs was grown using a buffer layer of CeO^Ji^ and LSMO with a buffer of 



YSzIhI or a double layer Bi4Ti30i2/Si02li2lllIll. A highly conducting diffusion barrier layer 
of TiN has also been utilized recently clS db buffer layeiHI. This progress is interesting for 
technological reasons especially when using Si substrates. 

A surprising effect of lattice mismatch is related to the orientation of the films, especially 
those that crystallizes in an orthorhombic perovskite cell. This was first seen on YMnOsEli 
which is [010] -oriented on SrTiOs, but [101]-oriented on NdGaOa or LaAlOs. Similar re- 
sults were obtained with Pro.sCao.sMnOsSIll, Pro.ySro.sMnOaS or Pro.7Sro.3_:,.Ca^.MnO30. 
It seems that this orientation can be generalized for every compounds that crystallize in an 
orthorhombic structure. This dependence on the orientation with the substrate is explained 



by the lattice mismatch (cr) which should favor one orientationtZa. Indeed, the mismatch 
between the film and the substrate can be evaluated using the formula a = 100* {as — ap)/ as 
(where as and ap respectively refer to the lattice parameter of the substrate and the film). 
For Pro.sCao.sMnOs, the smaller mismatch on LaAlOa is obtained for the [010]-axis in the 
plane {(Tlao = —0.4%), i.e. the [101]-axis perpendicular to the substrate plane. In contrast, 
the smaller mismatch on SrTiOs {ctsto = 2.2%) is found for the [101]-axis is in the plane 
and thus the [010]-axis normal to the surface of the substrate as found experiment ally0. 

2. Influence on the physical properties 

Much work has been done on the influence of strain on the transport properties, but we 
will also describe how the magnetic properties can be changed. Many groups have focussed 
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their studies on the modification of the physical propertiestIj'El3 by the strain effects since 
the most common properties such as the insulator-to-metal {Tim) transition and the Curie 
temperatures (Tc) are affected. In Fig. 11, Koo et al. show this clear correlation between 
the substrate and the physical properties for Lao.7Cao.3Mn03 films: the Tjm and maximum 



MR shift to a higher temperature when changing a SrTiOs to a LaAlOa substrateE^ . 

Since the crystallinity of these films can be changed, as previously discussed, Gillman 
et a/.E^i have prepared Lai-^CaajMnOs (x=0.41) films on substrates with different lattice 
parameters by liquid delivery metalorganic chemical vapor deposition. Films on LaAlOs, 
closely lattice matched with the substrate, exhibit a high degree of crystallization and a high 
magnetoresistance ratio as compared to films deposited on AI2O3 or Y-Zr02. Similar re- 
sults were reported for Lao.8Sro.2Mn03, which is epitaxial when grown on (100)-LaAlO3 
and polycrystalline when grown and (lOO)-Sillli. Moreover, the Tjm increases by 
when using (011)-LaAlO3 rather than (001)-LaAlO3. Similar results have been reported 
for La2/3Mn03_5 films grown on both AI2O3 and SrTiOs^ and also for Lao.67Cao.33MnO30. 
The TjM is higher and the transition is sharper for material grown on STO (300K) than 
on ALO (200K). Even if the Tjm varies a lot, the Curie temperature is found to remain 
almost constant, independent of the substrate, for many compounds such as La2/3Mn03_5ii 
or Lao.7Sro.3Mn03llli. 

The above evidence implies that the Tjm is directly connected to the substrate. Often, 
the transition is at higher temperature and sharper when the mismatch between the film 
and the substrate is smaller, probably due to a high degree of epitaxy. 

Strain not only influences the transport transitions, but the direction of the magnetiza- 
tion as well (via lattice deformation): it is found to be in-the-plane for films under tensile 
stress (fro example on SrTi03) and out-of-plane for compressive stress (as in the case of 
LaAlO3)@0. Using a wide-field Kerr microscope, magnetic domain orientation and con- 
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trast of Lao.67Sro.33Mn03/SrTi03 suggest a magnetic anisotropy with <110>easy axes 
The easy direction is along [110] of the pseudocubic unit cell , i.e. diagonal to the 0-Mn-O 
bond direction for Lao.7Cao.3Mn03 film grown on untwinned paramag netic NdGa03 (001)0. 
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The substrate-induced strain can also influence the optical properties, as for 
Lao.erCao.ssMnOa 



18C,18] 



. This can be explained by the fact that the substrate-induced strain 
result in modiflcation in the Mn-0 bonds and Mn-O-Mn bond angles and thus, in both the 
corresponding phonon modes and electron-phonons interractions leading to changes in the 
phonon frequencies and optical conductance. Note that the strains can also induce a surface 
magnetization as for Lao.ySro.sMnOj 
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3. Low Field Magnetoresistance (LFMR) 



The strain effects on the low fleld magnetoresistance (LFMR) was flrst studied on 
polycrystalline Lao.erSro.ssMnOa 
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. It was also extensively studied by Wang et al. in 
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Pro.erSro.ssMnOsE^UHl. Films with compressive strains (on LaAlOs) show a large LFMR 
when the fleld is applied perpendicularly to the substrate plane (Fig. 12), while they exhibit 
a positive MR when the fllm is under tensile stress (on SrTiOs)!^^. Almost no LFMR is 
observed when the fllm is stress-free (on NdGaOs). O'Donnel et al. conflrm that the LFMR 
depends on the strains and the orientation of the fleld, by studying highly crystallized 
Lao.TCao.sMnOa thin fllms made by Molecular Beam EpitaxyllliS^. It was also shown 
that the LFMR is dominated by the grain boundariesE^Jiii and its sign can be explained 
by a simple atomic (/-state modefl. This idea of anisotropic MRi 
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was evidenced by 



Lao.rSro.gMnOs deposited on (001)-SrTiO3, (110)-SrTiO3ll2il and (110)-LaGaO3. Magnetic 
anisotropy was also seen recently on Lao.7Cao.3Mn03 fllms grown on (001)-NdGaO3 
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4- Charge- ordered (CO) manganites 

Most of the experimental studies were done on manganites showing an insulator-to- 
metal transition without fleld, but it was also shown that substrate-induced strain can 
affect the properties of charge-ordered (CO) compounds. CO is a phenomenon observed 
wherein electrons become localized due to the ordering of heterovalent cations in two different 
sublattices (Mn^"*" and Mn*^"^). The material becomes insulating below the CO transition 
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temperature, but it is possible to destroy this state and render the material metallic by, 



for example, the application of a magnetic fieldll23 but, an electric field can also induced 
insulator-metal transitions in thin films of CO manganites^il. Pro.sCao.sMnOs is an example 
of such a compound. In this tensile stress can decrease the melting magnetic fieldE^I 

whereas a compressive strain induces a locking of the structure^ at low temperature (i.e. 
under cooling, when the in-plane parameters of the film are equal to the parameters of the 
substrate, they are kept at this value). This idea of locking was confirmed in Pro.sSro.sMnOa 



where the structural and physical transitions are suppressed under coolingE^, as compared 
to the bulk (note that, even if the compound Pro.sSro.sMnOs is not a typical CO, it has 
some similarities in the physical properties). In this material, the A-type antiferromagnetic 
phase with the Fmmm structure, which is obtained at low temperature (below 135K) in 
the corresponding bulk compound, is not observed in the thin film. The consequence of the 
absence of structural transitions is that magneto-transport properties are affected. There is 
no antiferromagnetism (i.e. the A-phase) at low temperature. The material only becomes 
ferromagnetic insulating. This is one of the very few examples of substrate-induced strain 
upon the film structure. These results show that the strain effect can destabilized the charge- 
ordered state for CO materials but, surprisingly, it seems also possible to induce a CO state 
when the film composition is not a CO type (i.e. if the film has an insulator-to-metal 
transition without the presence of a magnetic field). This has been shown in a normally 
metallic Lao.yCao.sMnOa compound where the lattice-mismatch strain effects leads to a 
strain-induced insulating stated. This insulating behavior is related to the coexistence of a 



metallic state with a possibly charge-ordered insulating statellHSIlH^ 



B. Thickness dependence 
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1. Lattice parameters 



The influence of tlie tliickness (t) is primary seen upon tlie lattice parameters of the films 
(in-plane and out-of-plane parameters). Usually, the volume of the unit cell is conserved 
in the thin film as compared to the bulk. In order to verify this result, the evolution of 
the three-dimensional strain states and on crystallographic domain structures was studied 
on epitaxial Lao.8Cao.2Mn03 as a function of lattice mismatch with two types of (001)- 
substrates, SrTiOs and LaAlOsli^ill^^. Surprisingly, it was shown, using normal and grazing 
incidence x-ray diffraction techniques, that the unit cell volume is not conserved and varies 
with the substrate as well as the film thickness (Fig. 13). 

But the main result is that for a tensiled film (under expansion in the plane of the sub- 
strate), the out-of plane and in-plane parameters gradually increases and decreases, respec- 
tively, as a function of the film thicknes^ll. For example, in the case of Nd2/3Sri/3Mn03 
grown on SrTi03, the out-of-plane parameter increases from a value of 3.8A for a 200A 
thick film to 3.86A for a lOOOA film, which is close to the bulk value (Fig. 14)ll2l. The 
scenario is the opposite when the film is compressively strained as in Lao.7Sro.3Mn03 on 



(100)-LaAlO3t23: the out-of-plane parameter decreases from 3.94A for a 300A thick film to 
3.9A for a 45OOA thick film, while at the same time the in-plane parameter changes from 
3.82A to 3.88A. The film is not completely relaxed until it reaches a thickness on the order 
of lOOOA. In Ndo.5Sro.5Mn03 deposited on (001)-LaAlO3§, two regimes were observed using 
XRD: one which was strained (close to the substrate), and a quasi-relaxed component in 
the upper part of the film, the latter increasing with film thickness. 

As previously reported, increasing film thickness leads to a change of the symmetry 
of the film. This was systematically studied by looking at various film compositions vs. 



thickness by Yu et a/.ll^. They found a strong tetragonal lattice strain using HREM and 
XRD characterization. This is more important for a composition in which the bulk struc- 
ture is orthorhombic, as in (Lai_^Pr^.)o.7Cao.3Mn03, as compared to Lai-ajNa^MnOs or 



Lao.7Sro.3Mn03 where the structure is rhombohedralt^ . 
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2. Physical properties 



The physical properties of 



manganitesE£J'E£§E^ such as insulator-to-metal transitionE21ln^, magnetoresistancet^, co 



ercive fieldc^l or microstructurellHlI'L^J'C^j are strongly dependent on the thickness. As an 
example, the MR value calculated as {AR/R{H) for H = 6T) exhibits a strong dependence 
on film thickness as shown in Fig. 15 for Lao.rCao.sMnOs. The curves show a maximum MR 
for a thickness near llOOA with a value of 10^% and, on either side of the peak, the MR 
ratio is drastically lower. Transport properties are mostly affected and the magnetization is 
only moderately changed^ with thickness as seen for Lao.6Sro.4Mn03 deposited on MgO or 
SrTiOa. At an intermediate thickness around lOOOA, the films usually recover the properties 
of the bulk compounds. Even when the film is under low epitaxial stress (case of NGO), Tjm 
varies greatly from 182K (35A) to 264K (1650A), as seen in Fig. 16 for Lao.rCao.sMnOs^. 

Films thinner than lOOOA have properties different from the bulk and are most of the 
time unusual. For example thin La1_j.Baa.MnO3 films (t<1000A) exhibits a Tc higher than 
in the bulk due to an anomalous tensile strain effect when deposited on SrTiOs. Conse- 
quently, the resulting film shows room temperature ferromagnetism and an enhancement 
of the magnetoresistanceii. In (La,Ca)Mn03 films, the thinnest films which present full 
magnetization, grow with the b axis of the structure perpendicular to the substrate, whereas 
the thicker films grow with the 6-axis in the plane of the substrate and do not present full 



magnetizationllHll. Another example of the thickness dependence is seen in Lao.erCao.saMnOa 
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on SrTiOs, which is ferromagnetic around 150K but remains insulatingll^. Biswas et al 
have explained this behavior by the coexistence of two different phases, a metallic ferro- 
magnet (in the highly strained region) and an insulating antiferromagnet (in the low strain 
one). This nonuniformity induces, under a magnetic field, an insulator-to- metal transition 
resulting in a large CMR effect. But, the metallic behavior of the bulk Lao.7Cao.3Mn03 
can be retained for a thickness down to 6OA when the SrTiOs substrate is treated to 



obtain an atomically flat Ti02 terminated surfacec2a. For Lao.gSrg.iMnOs (t<50nm) on 
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(100)-SrTiO3, Razavi et alxlB reported an unexpected insulator-to-metal transition, most 
probably due to La-deficiency. Nevertheless, Sun et a/.ll£l have estimated the "dead- layer" 
for Lao.erSro.ssMnOs to be around 30A for NdGaOg and 50A for LaAlOg (Fig. 17). The 
magnetic, transport and structural properties of Lao.7Sro.3Mn03 deposited were MgO was 
interpreted recently in terms of a magnetic (lOA) and an electrical (insulating) dead layer 
(respectively of lOA and 4A thick)i°3. 

More recently, the robustness of the charge-ordered (CO) state was studied by Prellier 
et al!^. In Pro.sCao.sMnOa, the thicker film induced the less stable state, i.e. a small 
magnetic field as compared to the bulk is required to destroy the CO state and induce 
a metallic behavior (Fig.18). In Ndo.5Sro.5Mn03, the (llO)-films show a strained and a 
quasi-relaxed layer. The latter increases with film thickness whereas the strained one has 
a constant thickness!^. The coexistence of two strain regimes inside the same film was also 
seen in Lao.eeCao.ssMnOs films on SrTiOs^ and LaMnOa deposited on NdGaOsS: at the 
interface a cubic-like dense layer (50A thick) is observed while the upper layer shows a 
columnar growth. These two distinct thickness ranges behave differently with respect to the 
thickness-dependence of the magnetotransport propertied; the upper range {t > 200A) is 



weakly thickness-dependent whereas the lower one not. These resultsSll^ show the evidence 
for the effect of Jahn- Teller type distortion and confirm theoretical explanationJl^. In 
Nd2/3Sri/3Mn03 films, the release of the strain as the thickness increasesS results in a 
first-order phase transition. 

Thus, these results show the thickness- dependence of the physical properties of the 
film, but it seems difficult to estimate these changes precisely. For example, considering 
a Pro.rSro.sMnOa film deposited on NdGaOs, is it possible to evaluate the Tjm and the Tc 
for 2OOOA thick film ? There is no report of such calculations, and one of the reasons is 
that the properties of the film depend not only of the substrate, but also on the growth 
conditions. It will be necessary to answer this question in the future. 
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IV. POTENTIAL OF THIN FILM GROWTH: THE DESIGN. 



The improvement in controlled heterostructures and multilayers is a necessary stage 
for the realization of many devices and circuits. Structures with new properties such as 
superlattices were also widely studied. 

A. New structures 

Thin film methods offer a powerful and versatile technique for growing new structures, as 
previously seen for example in cuprates. This is due to strain effects that can stabilize struc- 
tures which do not exist under classical conditions of pressure and temperature. For example, 
various metastable perovskites, which can not be formed in bulk or can only be prepared 
under high pressure, such as BiMnOgS, YMnOsllI^, atomically ordered LaFeo.5Mno.5O 
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are synthesized via a pulsed laser method or by using injection MOCVD like NdMn70i2tl3. 

Also interesting is the construction of new compounds, such as artificial superlattices, 
that show unique physical properties since different types of magnetism can be combined by 



building the desirable structure at the atomic layer levell^lJ. Growth conditions such as the 
oxygen pressure or the deposition temperature are easy to control in the thin film process, 
allowing the synthesis of metastable phases. 

Another approach to obtain exotic properties via new phases is the method of artificial 
superlattices. Preliminary films were grown by stacking a magnetic layer (Lao.rAo.sMnOs 
with A=Sr, Ba...) and another perovskite, usually insulator (such as SrTi03)iii. This allows 
a continuous variation of the in-plane coherency strain in the films^iii. High quality films 
showing a clear chemical modulation by the presence of satellite peaks around the main 



diffraction peak were obtainedEHElj. In the case of Lao.yCao.sMnOs (LCMO), the metal- 



lic transition is suppressed and the MR enhanced at low temperature when the thickness 



of the LCMO layer is decreased to 25Al2iil. The MR {MR = 100 * [R{0) - R{H)]/R{0)) 



is calculated to be 85% at H = 5T over a wide temperature range (10 — 150i^) (Fig. 
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19). A systematic study of Lao.rBao.sMnOs/SrTiOa superlattices shows that the decrease 
of the Lao.TBao.sMnOa (LBMO) layer thickness results in the broadening of the MR peak 



vs. temperaturel^. Such studies also confirm the importance of strains and the relevance of 
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Jahn- Teller electron-phonon coupling in doped manganites, as pointed out by Lu et al 
Following the same idea, La2/3Bai/3Mn03/LaNi03 multilayers were synthesized. Magne- 
tization measurements show evidence of antiferromagnetic coupling between LBMO layers 
when the thickness of the LaNi03 spacer is 15A or lessiil. 

The mag- 
netic exchange interactions have been extensively studied in La(Sr)Mn03/LaM03 (M=Fe, 
Cr, Co, Ni)ili'ili. The authors showed that the ferromagnetism is systematically affected 
by the adjacent magnetic layers via the interface, and, they propose an expression of Tp 
on the basis of the molecular field image. The magnetotransport properties of superlat- 



tices such as Lao.6Pbo.4Mn03/Lao.85Mn03EH3 or Lao.7Mn03/Pbo.65Bao.o5Cao.3Mn03EH^I were 
also investigated. An enhancement of the magnetoresistance is obtained in these materi- 
als, c-axis YBa2Cu307/Lao.67Bao.33Mn03 superlattices were also growni^l. Above T^, the 
CMR persists up to room temperature, and below Tc the superlattices exhibit a quasi-two- 
dimensional superconductivity of the YBa2Cu307 layers coexisting with magnetism in the 
Lao.67Bao.33Mn03@. An increase in the thickness of the antiferromagnetic Lao.6Sro.4Fe03 
layer in between Lao.6Sro.4Mn03 layers induces a strong magnetic frustration around the 
superlattice interfaces, leading to a reduction of the magnetic temperature transition and of 



the ferromagnetic volumes 
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Salvador et al. used the PLD technique to create A-site ordering in films of 
(LaMn03)/(SrMn03) super latticesini. An increase of the superlattice period leads to a 
decrease in the Tc and in Tim 01 in a low magnetization value. 
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B. Some Devices 



The intense efforts of the condensed matter community in the area of CMR thin films 
have led to a more precise understanding of the growth of thin film oxides even if the 
utilization of the materials into devices has not proven to be viable yet. The aim of this 
article is to give an overview of the manganite thin films and, for this reason, we will not go 
into details of the realization of devices. A more comprehensive description of the devices 
made using CMR materials can be found elsewhere^. Examples of devices include magnetic 
field sensors, electric field devices^, uncooled infrared bolometers^ or low temperature 
hybrid HTSC-CMR deviceslni. Some of these are briefly discussed below. 

A magnetic tunnel junction is a structure composed of two ferromagnetic (FM) layers 
separated by an insulator barrier (I) and have attracted attention due to their properties of 
tunneling magnetoresistance (TMR). However, to obtain TMR (FM/I/FM junction) with 
100% efficiency, it is necessary to have a perfect half-metal (i.e. a 100% spin polariza- 
tion). Such a property was confirmed by spin resolved photoemission measurements in the 
of the Lao.rSro.sMnOs (LSMO) compound^i^. Junctions with LSMO which show a 



case 



TMR effect&Esa. A large MR in 83% at a low field of lOOe at A.2K in a trilayer film of 



LSMO/STO/LSMO was observedESl (Fig. 20). Note that the top layer can also be CcBM, 



half-filled ferrimagnetic Fe^O^c^MH or Lao.ySro.sMnOaEHslEj. Using Fe304, a positive MR 



is observed which could be attributed to the inverse correlation between the orientations of 
the carrier spins in the two FM layersH^. 

The electric field effect has been investigated, in which the top layer can be paramagnetic. 



such as STC)t23, or ferroelectric layer, such as PZT (PbZro.2Tio.803cHil), and the bottom layer 
is a CMR material, but the changes are more profond in the case of PZT where only 3% 
change in the channel resistance is measured over a period of 45min at room temperature 
which makes this attractive for nonvolatile ferroelectric field effect devicesEH. 

The large temperature coefficient of resistance (TCR, calculated as {1/ R){dR/ dT)) 
just below the resistivity peak makes these CMR materials interesting for bolometric 
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detectorsE23E2Il. However, for a given material the TCR decreases as Tc or Tjm increase 
A TCR of 7%/K is obtained for LCMO at 250K. 

Hybrid structures consisting of HTSC-CMR have also been made for use in spin injection 
devicesH-ii. 



V. CONCLUSION 

The structural, magnetic and transport properties of manganite thin films have been 
presented in this article. As seen, the colossal magnetoresistive oxides display an exciting 
diversity of behavior in the form of thin films, and an extremely large amount of work has 
been carried out on thin films showing the great potential of their magnetic and transport 
properties. It has been shown that the structural and physical properties of these oxides are 
strongly dependent on the deposition procedure, chemical composition and applied strain. 
For this reason, the direct comparison of data between a thin film and a bulk material 
(ceramic or single crystal) is difficult due to the stress in the thin film. 

It has also been shown that devices are interesting and potentially useful for magnetic 
sensors. Prior to the fabrication of such devices, it will be necessary to characterize the 
materials more comprehensively, in particular from the view point of the structure and the 
microstructure. This is clearly evidenced by the fact that intrinsic phenomena such as the 
substrate-induced strain and the thickness dependence, which are directly related to the 
thin film process, strongly affect the magnetotransport properties. These results suggest 
that the local lattice distortions of the Mn-0 bonds in the manganite thin films contribute 
to changes in the physical properties. 

There are two main ideas that should be considered in the future based on the recent 
results. It is now recognized that the strains directly affect the lattice parameters. In 
addition, researchers have noted that there is a clear relation between the oxygen content (or 
indirectly the Mn^+/Mn^+ ratio) and the lattice parameters of the unit cell of the film. Thus, 
one should ask the following question: what is the relation between the oxygen content and 
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strain? This triangular connection must be investigated precisely and explained in the future. 
The second main direction is related to the stress, because despite the large amount of work 
published on manganite thin films, there is still no direct proof of substrate-induced strains: 
researchers have only found indirect correlations at room temperature. More sophisticated 
mechanisms going beyond classical concepts (i.e. by looking at the evolution of the structure 
under cooling) and theoretical work, in particular by quantifying the stress for these oxide 
films, are required to understand the nature of this class of compounds. 
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Figure Captions 

Fig. 1: Typical experimental setup of a Pulsed Laser Deposition system used for growing 
oxides. 

Fig. 2: p{T) and MR ratio of Lai_a:Sra;Mn03 thin films is zero field and a field of 5T for 
as-grown (top) and annealed at 950°C for lOh in pure N2 gas (bottom), (a): x=0.33, (b): 
x=0.2 and (c): x=0.16 (reproduced from ref. 98). 

Fig. 3: M{T) for as-deposited and post-annealed Lao.sMnOa-^ films. Annealing 1- 
600°C, 3/i; Annealing 2-600°C, 24/i; Annealing 3-700°C, 3/i; Annealing 4-800°C, 3/i (Repro- 
duced from Ref. 99). 

Fig. 4: Map of the reaction conditions for different manganite thin films on SrTiOa. 
The growth conditions for the c-axis oriented (La,Sr)3Mn207 films (type 3) is restricted to 
the hatched region. Detailed structure of films with type 1 (open circles) and type 2 (open 
triangles) are not identified (Reproduced from Ref. 106). 

Fig. 5: [010]-cross-section of Pro.sCao.sMnOa deposited on SrTiOa taken at room tem- 
perature. 

Fig. 6: p(T) under different magnetic fields for polycrystalline Lao.yCao.aMnOa (LCMO) 
films with different grain sizes and an epitaxial film. The inset shows the zero-field resistivity 
at lOK as a function of the average grain size for and Lao.rsMnOa (LXMO) (Reproduced 
from Ref. 133). 

Fig. 7: Normahzed GB MR as a function of the apphed field for different bicrystal angles 
measured at room temperature. The inset shows the (a) low and (b) high field dependences 
for the 24°device. The applied magnetic field is in plane and perpendicular to the GB 
(Reproduced from Ref. 138). 

Fig. 8: p(T) for as-deposited films and irradiated films at different ion doses (Reproduced 
from Ref. 147). 

Fig. 9: XRD pattern in the range 45-50° of 300A thick Pro.erSro.asMnOa films on LaAlOg, 
NdGaOa and SrTiOa. The arrows indicate the 002 peaks of Pro.erSro.aaMnOa (Reproduced 
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from Ref. 63). 

Fig. 10: Schematic structure of a film grown under tensile and compressive stress in the 
plane. Note the compression or the elongation of the out-of-plane parameter depending on 
the nature of the stress. 

Fig. 11: (a) p(T) of Lao.rCao.sMnOa on various substrates under and IT magnetic field, 
(b) MR defined as (p(0) — p(lT))/p(0)) normalized to the value at T=317K (Reproduced 
from Ref. 159). 

Fig. 12: Normalized R(H) curves of 75 A thick Pro.rSro.sMnOa films on LaAlOa measured 
with the field applied parallel (H/ /) and perpendicular (H_L) to the plane of the substrate. 
In the H± geometry, a very sharp 

hysteresis loop and large MR ratio are observed. Arrows indicate the scanning sequence 
of the magnetic field (Reproduced from Ref. 183). 

Fig. 13: Thickness dependence of the perovskite unit cell volume of epitaxial 
Lao.8Cao.2Mn03 films on (001)-LaAlO3 (triangles) and (001)-SrTiO3 (circles). Large de- 
viations of the lattice parameters from those of the bulk are observed. As film thickness 
increases, both in-plane and out-of-plane lattice parameters tend to deviate away from those 
of the substrates towards the bulk value (Reproduced from Ref. 196). 

Fig. 14: c-axis lattice parameter of Ndo.rSro.sMnOs thin films deposited on SrTiOs as a 
function of the thickness (Reproduced from Ref. 198). 

Fig. 15: Thickness dependence of the MR for Lao.erCao.aaMnOa thin films grown on 
(100)-LaAlO3 (Reproduced from Ref. 155). 

Fig. 16: p(T) of Lao.7Cao.3Mn03 grown on (110)-NdGaO3 vs. film thickness (Repro- 
duced from Ref. 201). 

Fig. 17: (a) Temperature dependence of the resistivity for Lao.67Sro.33Mn03 films with 
varying thickness on NdGa03 and LaA103. (b): Thickness dependence of the conductance 
of films at 14K (Reproduced from Ref. 166). 

Fig. 18: p(T) under varying magnetic fields for different thickness of Pro.5Cao.5Mn03 
thin films grown on SrTi03. Arrows indicate the direction of the temperature dependence 
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(Reproduced from Ref. 174). 

Fig. 19: MR (MR^lOOx [R(0T)-R(5T)]/R(0T)) vs. temperature for a LCMO 
(55A)/STO (I60A) superlattice (20 periods) and a single LCMO layer. Note the broad- 
ening of the MR peak and the MR of 85% at 5T from lOK to 150K (Reproduced from Ref. 
212). 

Fig. 20: MR vs. applied magnetic field at different temperatures for a tunnel junction 
with a rectangular 2.5 x 12.5//m top electrode. The moments of both electrodes are shown 
at various fields. Magnetic field is apphed is apphed along the easy axis of the rectangle (see 
inset) (Reproduced from Ref. 234). 



48 



